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ABSTRACT To understand the physical basis of the wide variety of shapes of deoxygenated red cells from patients with sickle
cell anemia, we have measured the formation rate and volume distribution of the birefringent domains of hemoglobin S ﬁbers.
We ﬁnd that the domain formation rate depends on the ;80th power of the protein concentration, compared to ;40th power for
the concentration dependence of the reciprocal of the delay time that precedes ﬁber formation. These remarkably high
concentration dependences, as well as the exponential distribution of domain volumes, can be explained by the previously
proposed double nucleation model in which homogeneous nucleation of a single ﬁber triggers the formation of an entire domain
via heterogeneous nucleation and growth. The enormous sensitivity of the domain formation rate to intracellular hemoglobin
S concentration explains the variable cell morphology and why rapid polymerization results in cells that do not appear sickled
at all.
INTRODUCTION
An increasing number of human diseases are now thought to
be caused by abnormal peptide or protein aggregation, most
notably Alzheimer’s, Parkinson’s, and prion diseases (Dob-
son, 2003). The amyloid aggregates found in these disorders
contain ﬁbers in a variety of arrangements, including partially
ordered, birefringent arrays (Sipe andCohen, 2000).A similar
phenomenon occurs in sickle cell anemia, the most well
understood of the protein aggregation diseases (Eaton and
Hofrichter, 1987, 1990; Bunn, 1997). Sickle cell anemia is
caused by a mutation from a glutamate to a valine in the beta
chain of the hemoglobin molecule (Pauling et al., 1949;
Ingram, 1957). The change from a charged to a neutral,
hydrophobic amino acid creates a sticky patch on the
molecular surface that causes aggregation upon deoxygen-
ation. The aggregates are polymers of hemoglobin S
molecules that consist of 14-stranded ﬁbers assembled into
birefringent domains (Dykes et al., 1978; Eaton and
Hofrichter, 1990; Cretegny and Edelstein, 1993; Watowich
et al., 1993). These ﬁber domains distort (‘sickle’) and
decrease the ﬂexibility of the red cell necessary for its passage
though the narrow vessels in the tissues, potentially causing
occlusion of blood ﬂow, organ damage, and the pain crises
characteristic of the disease (Fig. 1).
Kinetics plays an extremely important role in the
pathophysiology (Hofrichter et al., 1974; Eaton and Ho-
frichter, 1987). If polymerization were sufﬁciently rapid to
reach equilibrium, almost all cells would contain ﬁbers and be
much less deformable at the oxygen pressure of the tissues
(Mozzarelli et al., 1987). However, widespread blockage of
the circulation is avoided, and the disease survivable, because
of the highly unusual kinetics of polymerization. They are
characterized by a marked delay period before any ﬁbers can
be detected (Fig. 1), with a duration that depends inversely on
an extraordinarily high power (up to 40th) of the initial protein
concentration (Hofrichter et al., 1974; Eaton and Hofrichter,
1990). Consequently, in each roundtrip from the lungs to the
tissues the vast majority of cells escape the narrow vessels of
the microcirculation before any signiﬁcant polymerization
has begun (Mozzarelli et al., 1987) (Fig. 1 B). If ﬁbers do
form, the cells undergo varying degrees of distortion that
depend on the rate of deoxygenation (Sherman, 1940; Eaton
and Hofrichter, 1990) and on the intracellular protein
concentration (Corbett et al., 1995). To understand the
physical basis of this connection, we have measured the
distribution of domain volumes in gels formed with known
delay times, from which we have also determined the rate of
domain formation.
MATERIALS AND METHODS
Hemoglobin S from a patient with homozygous sickle cell disease was
puriﬁed by DEAE-Sephacel chromatography, concentrated by vacuum
dialysis, and buffered to pH 7.2 with 0.15 M potassium phosphate. After
deoxygenation sodium dithionite was added to a ﬁnal concentration of
50mM to remove any residual oxygen and layers of cold solutionwere sealed
under nitrogen between a slide and coverslip that was thermostated with
a thermoelectric controller in a copper housing on the stage of a micro-
spectrophotmeter. The thickness of the layers, which varied between 5 and
60 microns, were determined from the known concentration and optical
density.
Kinetics of polymerization were measured after an ;30 s temperature
jump from 276 K to ﬁnal temperatures between 289 K and 308 K by
continuously monitoring the birefringence from the intensity of a 458-nm
argon ion laser transmitted through the sample placed between crossed Glan-
Thompson calcite linear polarizers. The delay time for each progress curve
was taken as the time at which the maximal slope of the progress curve
intersects with the time axis.
Images of the polymerized sample between crossed linear polarizers at
various magniﬁcations between 253 and 4003 were recorded with a video
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camera. Domains were deﬁned as having four lobes of light transmission
with a central region of extinction, as observed for the largest domains. A
range of magniﬁcations was employed to insure that smaller domains were
counted. This method of analysis included more than ;75% of the area of
the sample. The area of each domain was determined by two, roughly
perpendicular diameters. The domain volume was then calculated by
approximating the domain as a right circular cylinder with volume
V ¼ pÆræ2t; where t is the sample thickness and the radius Æræ is determined
from the average of the two measured diameters (Fig. 2).
RESULTS AND DISCUSSION
Fig. 3 shows the time course of polymerization at different
concentrations of fully deoxygenated hemoglobin S and
optical birefringence micrographs of the resulting gels. (In
contrast to amyloid, where an extrinsic chromophore such as
Congo red must be bound to produce readily observable
birefringence, the birefringence of sickle hemoglobin gels is
easily visualized because of the intense absorption and high
anisotropy of the intrinsic heme chromophore (Hofrichter
et al., 1973; Eaton and Hofrichter, 1981). As the delay time
increases with decreasing concentration or temperature there
is amarked decrease in the density of domains. Fig. 4A shows
that the delay times and mean volumes at all concentrations
and temperatures are strongly correlated, indicating that the
morphology of the gel is determined by the kinetics of its
formation. An interesting property of the gels is that they have
a very similar appearance when magniﬁed or demagniﬁed to
the samemean diameter for individual domains. Tomake this
comparison quantitative, the distribution of domain volumes
obtained from each experiment was scaled by the average
domain volume for that experiment, ÆVæ: The distribution of
V=ÆVæ; calculated from all of the normalized data is shown in
Fig. 4 B, as well as distributions obtained from subsets of the
experiments with largest (long delay times) and smallest
(short delay times) domain volumes. The distributions are
very similar, exhibiting a peak at small volumes and an
exponential decay. The similar shapes of the volume
distributions suggests that domains of all sizes have the
same structure (i.e., organization of ﬁbers) and form by the
FIGURE 2 Counting domains. (A) Optical micrograph (image size 1.263
1.00 mm) of gel formed with a delay time of 52 seconds. (B) Same micro-
graph with lines indicating the domain diameters from which the domain
volume was calculated.
FIGURE 1 Delay time of hemoglobin S polymerization and transit of red
cells though the microcirculation (adapted from Eaton and Hofrichter,
1995). (A) Kinetic progress curve for the polymerization of hemoglobin S.
The delay time is determined by the hemoglobin S concentration and the rate
and extent of deoxygenation. (B) Simpliﬁed schematic of microcirculation
showing a cell passing from the arteriole to the venous circulation. (Top) A
red cell deforms as it passes through a capillary and escapes into the large
vessels on the venous side without intracellular polymerization because the
transit time is shorter than the delay time. (Bottom) The delay time is shorter
than the capillary transit time, and polymerization occurs while the cell is in
the capillary, with the possibility of blocking the circulation. A small
reduction in the intracellular sickle hemoglobin concentration will markedly
increase the delay time and should therefore be therapeutic (Hofrichter et al.,
1974; Sunshine et al., 1978; Eaton and Hofrichter, 1987). This dynamical
description of the pathophysiology explains why hydroxyurea stimulation of
F-cell production, in which sickle hemoglobin is diluted by replacement
with fetal hemoglobin, has proven to be effective in double blind clinical
trials (Charache et al., 1995; Eaton and Hofrichter, 1995; Bridges et al.,
1996; Bunn, 1997; Steinberg and Brugnara, 2003). It also explains why
preventing concentration increases from cellular dehydration due to the
damage to membrane channels appears to be a promising approach to
therapy (Steinberg and Brugnara, 2003).
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same mechanism. The exponential decay in the volume
distribution is characteristic of objects that are randomly
distributed in space. This probability distribution of points at
particle density n was treated by Chandrasekhar (1943). The
distribution of nearest neighbor distances is given by
wðrÞdr ¼ 4pr2 exp 4pr
3n
3
 
dr;
where w(r)dr is the probability that the nearest neighbor is
between r and r1 dr. If a sphere with a radius that is half the
distance to its nearest neighbor is assigned to each particle,
the distribution of volumes associated with these particles is
wðVÞdV ¼ 8n expð8nVÞdV:
Whereas the spheres constructed in this way would not ﬁll
space, this simple calculation suggests that the exponential
tail of the distribution could be explained by arguing that
observable gel domains are simply a set of objects positioned
randomly in space.
Linear least squares ﬁts show that the concentration
dependence of the delay time is 41 (6 4)st power (Fig. 4 C),
very similar to what has been observed in previous studies in
this range of delay times and temperatures (42 (Hofrichter
et al., 1976), 33 6 4 (Sunshine et al., 1979), and 38 6 2
(Ferrone et al., 1985b)). The observation of an extremely
high concentration dependence to the observed domain
density also indicates that the rate of domain formation is
highly concentration dependent. To calculate this rate, we
assume that it is constant during the delay period because
there is no evidence of any decrease in monomer
concentration. After the initial detection of birefringence,
visual observations showed that the domain density does not
change, consistent with the expectation that the rate would
shut down as soon as signiﬁcant monomer depletion begins
because of its high concentration dependence. The domain
formation rate can then simply be obtained from the ﬁnal
concentration of domains divided by the delay time. Fig. 4 D
shows that the concentration dependence of the domain
formation rate is an astonishing 80 (67)th power (a 15%
increase in sickle hemoglobin concentration increases the
domain formation rate by almost ﬁve orders of magnitude).
Our results can be understood in terms of the double
nucleation model for ﬁber formation (Ferrone et al., 1980,
1985a, 2002; Eaton andHofrichter, 1990; Samuel et al., 1990;
Briehl, 1995; Cao and Ferrone, 1997; Vaiana et al., 2003;
Galkin and Vekilov, 2004). According to this model
nucleation of a single ﬁber at random locations in the solution
(homogeneous nucleation) triggers the autocatalytic forma-
tion of a large number of additional ﬁbers via secondary
FIGURE 3 Optical birefringence micrographs of gels and kinetic progress
curves. The inset shows the square root of the light intensity transmitted
between crossed linear polarizers (proportional to the fraction polymerized)
as a function of time after a temperature jump from 276 K to 303 K. The
delay times and initial hemoglobin S concentrations in panels A, B, C, and D
are (38 s, 4.08 mM), (360 s, 3.98 mM), (3,700 s, 3.58 mM), and (24,000 s,
3.50 mM), respectively. In each case, the image size is 1.16 3 0.93 mm.
FIGURE 4 Domain volumes and concentration dependence of delay time
and domain formation rate. (A) The mean domain volume from each
experiment is shown as a function of the delay time. (d) Data obtained at
303 K at varying Hb S concentrations. (s) Data obtained at 296 K at
different Hb S concentrations. (n) Data obtained at a Hb S concentration of
4.02 mM at temperatures between 287 K and 308 K. (B) Distribution of
normalized domain volumes for all of the data (red solid circles), the
distribution for the subset of samples with shortest delay times (2498
domains) (open green circles), and the distribution for the subset of samples
with the longest delay times (1437 domains) (cyan squares). (C) Delay time
versus initial protein concentration. The slope from the linear least squares ﬁt
is 41 6 4. (D) Domain formation rate versus initial protein concentration:
slope ¼ 80 6 7.
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nucleation on the surface of existing ones (heterogeneous
nucleation).Heterogeneousnucleation andgrowthproduce an
exponentially increasing amount of polymer with time, and
therefore a delay period before a sufﬁcient amount is formed
to be detected. Both homogeneous and heterogeneous nu-
cleation are highly concentration dependent because a large
number of molecules must assemble to form a critical nucleus
and because of changes in the effective thermodynamic
concentration (activity) arising from molecular crowding in
these concentrated protein solutions. The homogeneous
nucleation rate has been directly measured from the distri-
bution of delay times observed in repetitive experiments on
small samplevolumes.Thedistribution results fromstochastic
ﬂuctuations in the time at which a single homogeneous
nucleus molecule forms (Ferrone et al., 1980; Hofrichter,
1986; Szabo, 1988; Cao and Ferrone, 1996, 1997). For long
delay times, in which no more than one nucleus is formed in
the observation volume, the distribution is exponential and the
decay gives the homogeneous nucleation rate directly. Szabo
has shown how to extract the nucleation rate in the more
complex situation when more than one nucleus is formed in
the observation volume (Szabo, 1988).
A 60 (610)th power concentration dependence for the
homogeneous nucleation rate was determined in a concen-
tration range slightly higher than that employed in the
present experiments (Ivanova et al., 2000). We ﬁnd
a comparable extraordinarily high power for the concentra-
tion dependence of the domain formation rate (806 7), with
about twice the exponent observed for the delay time (416
4). (Both the homogeneous and heterogeneous nucleation
rates depend on concentration to a power that is the size of
their critical nuclei, i.e., ci* and cj*, respectively. The inverse
delay time depends primarily on the square root of the
heterogeneous nucleation rate, i.e., on cj*/2. In the concen-
tration range of our experiments i*  j* (Ferrone et al.,
1985a), explaining the twofold higher concentration de-
pendence of the homogeneous nucleation rate (Cao and
Ferrone, 1996).
These results provide strong evidence that homogeneous
nucleation of a single ﬁber is the rate-limiting process in
forming a domain and triggers its growth via heterogeneous
nucleation and ﬁber elongation (Ferrone et al., 1985a).
Moreover, the random location of domains demonstrated by
the exponential volume distribution is consistent with the
underlying assumption of the double nucleation model that
homogeneous nucleation occurs at random positions in the
solution.
One possible caveat is that the absolute domain formation
rate is more than 10-fold smaller than the homogeneous
nucleation rate determined from delay time distributions
(Hofrichter, 1986; Szabo, 1988; Cao and Ferrone, 1996,
1997; Ivanova et al., 2000). Such a difference is predicted by
the double nucleation mechanism. The amount of polymer
associated with each nucleation event increases exponen-
tially via heterogeneous nucleation and growth. Since
polymers grow linearly with time (Samuel et al., 1990),
and since the maximum dimension of the domain is limited
by the length of the longest ﬁber, the polymer density of the
growing domain also increases exponentially. Consequently,
the amount of polymerized hemoglobin S associated with
nuclei that form late in the delay time is much smaller than
that associated with earlier homogeneous nucleation events,
with the result that they do not contribute signiﬁcantly to the
birefringence pattern. However, since the structure of gels is
independent of domain density, as evidenced by the nor-
malized volume distributions (Fig. 4 B), the fraction of unde-
tected domains should be approximately independent of the
delay time, and therefore should not signiﬁcantly affect the
relative domain formation rates.
Our results provide the key to explaining the wide range of
shapes observed for red cells containing polymerized
hemoglobin S. Sherman (1940) ﬁrst showed that the shape
of the red cell depends on the rate of deoxygenation (Fig. 5).
(Sherman’s experiments were inﬂuential in attracting Linus
Pauling to think about sickle cell disease in the 1940s (Pauling
et al., 1949; Eaton, 2003).) Since the nucleation rate varies
with the supersaturation, which is the ratio of the total protein
concentration to the equilibrium solubility (Hofrichter et al.,
1976), the domain formation rate depends on the rate of
the solubility decrease resulting from the decreasing oxygen
pressure. Rapid deoxygenation corresponds to rapidly
attaining a high supersaturation, and is therefore analogous
to a high protein concentration in the experiments described
above. The optical birefringence micrographs in Fig. 5 show
that not only the morphology, but also the birefringence
patterns of cells depend on the deoxygenation rate. Slow
deoxygenation results in a single ﬁber domain that initially
grows in one general direction (Basak et al., 1988; Samuel
et al., 1990), with the classic sickled shape resulting from
oblique alignment of adjacent ﬁbers through interactions
of their helical surfaces (Edelstein and Crepeau, 1979). In
contrast, rapid deoxygenation produces cells that do not
appear sickled at all, having a nearly normal biconcave disc
shape, even though the cells are ﬁlled with multiple domains
of polymerized hemoglobin as is evident from the bi-
refringence pattern (Fig. 5 E). When cells are fractionated
according to their intracellular hemoglobin concentration and
deoxygenated at the same rate, the number of domains
observed by linear dichroism increases with increasing
concentration, consistent with the above analysis (Corbett
et al., 1995).
Overall, the results on domain formation in hemoglobin S
gels from this study provide strong support for the conclusion
that the rate of homogeneous nucleation determines the
density of ﬁber domains, and therefore the shape of the cell, as
originally proposed by Ferrone et al. on the basis of theoretical
arguments (Ferrone et al., 1985a; Eaton and Hofrichter,
1987). Our results suggest that it would be important to
investigate the rheological properties of gels containing the
same total amount of polymerized hemoglobin, but with
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different domain densities because of their kinetic history.
Such experiments on cellsmay lead to an understanding of the
yet-to-be explored relative roles of cellular distortion and
deformability in the mechanism of vaso-occlusion.
We thank Frank A. Ferrone and Attila Szabo for helpful discussion.
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